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ABSTRACT Recent NMR structural characterization studies showed that a seven-residue segment (FKKGERL) from the src
SH3 domain adopts the nativelike diverging type II b-turn in aqueous solution in support of the prediction based on the I-sites
library of sequence structural motifs. We study the conformational variability and folding/unfolding thermodynamics of this
peptide in explicit solvent using replica-exchange molecular dynamics simulations, which greatly enhances the sampling of the
conformational space. This peptide samples three main free energy basins (nativelike, intermediate, and unfolded) separated
by small barriers. The nativelike basin is fractionally populated (DG300K ¼ 0.4 kcal/mol) with structures that satisfy a subset of
the NMR-derived constraints. The intrinsic stability of the diverging turn is examined in relationship to the nature of three speciﬁc
contacts: a turn-hydrogen bond, a mainchain-to-sidechain hydrogen bond, and an end-to-end hydrophobic contact. We have
carried out simulations of mutants at the highly conserved GE positions in the sequence. The mutation E5D destabilizes the
isolated diverging turn motif, contrary to the observation that this mutation stabilizes the fyn SH3 domain. The G4T mutation also
destabilizes the isolated diverging turn; however, the extent of destabilization is smaller than that of the reverse mutation in the
drk SH3.
INTRODUCTION
The answer to the question of whether peptides adopt well-
deﬁned structures in isolation is still unknown and remains
a major challenge toward understanding protein folding.
Several reasons have been suggested for peptides not
adopting native structures. Most emphasis is placed on the
competition between local versus nonlocal interactions
(Munoz and Serrano, 1996). It is generally believed that
nonlocal interactions stabilize proteins in both native and
denatured states and that the peptides derived from them
cannot adopt native secondary structure in isolation (Yi et al.,
1998). If there are sequence segments where the local
interactions dominate over nonlocal interactions, then they
are likely to adopt native structure in isolation. The possibility
of these segments serving as folding initiation sites has
inspired several studies seeking secondary structural motifs
in proteins that form stable structure in solution (Dyson et al.,
1992a,b; Viguera et al., 1996; Wright et al., 1988).
The majority of studies of protein segments have focused
on a-helix formation in contrast to b-sheet formation. In an
a-helix, the stabilization is a result of local interactions.
However, residues in nonadjacent sequences take part in the
formation of b-sheets (Searle, 2001) and require stabilization
by tertiary interactions (Wang and Shortle, 1997). The
b-hairpin structure has attracted considerable interest after
the observation of signiﬁcant populations of b-hairpins in
several monomeric peptides (Blanco et al., 1994). Since the
b-hairpin is a prototype for a simple antiparallel b-sheet, it
has served also as a model system for b-sheet formation and
stabilization. For example, a 16-residue b-hairpin (GB1) that
forms a nativelike structure in aqueous solution has been
thoroughly examined through experiment and theory
(Dinner et al., 1999; Eaton et al., 2000; Garcia and
Sanbonmatsu, 2001; Grifﬁths-Jones et al., 1999; Munoz et
al., 1997; Pande and Rokhsar, 1999). It has been found that
in this system nonlocal interactions play an important role in
the stability of the folded structure (Grifﬁths-Jones et al.,
1999). Although b-turns occur very frequently in proteins
(Wilmot and Thornton, 1988), their role in early events in
protein folding is not clear. Early theoretical studies on
stability of turns were based on dipeptide systems (Tobias et
al., 1990; Yang et al., 1996; Zimmerman and Scheraga,
1977). Experimental studies by Dyson et al. (1992b) on
plastocyanin showed that only a small number of peptides
had some tendency to form structures in isolation, and the
strongest tendency was found for motifs similar to diverging
b-turns.
Recent work has identiﬁed a seven-residue segment in the
src SH3 domain to have the high propensity to adopt the
nativelike diverging type II b-turn structure in isolation
(Bystroff and Baker, 1998). The identiﬁcation was based on
the I-sites library of sequence-structure motifs (Bystroff and
Baker, 1997). This diverging turn motif is highly conserved
across the SH3 domains (Larson and Davidson, 2000). NMR
structural characterization of this peptide segment in iso-
lation conﬁrmed the I-site prediction of the nativelike
structure (Yi et al., 1998). Since this segment is capable of
forming on its own, its conformation may be dominated by
local interactions (Bystroff and Baker, 1998). These
observations, along with the results of mutagenesis experi-
ments, strongly support the idea that the diverging b-turn
may play a role early in folding, preventing the inappropriate
formation of b-hairpin and establishing the proper packing
of hydrophobic sidechains between two diverging b-strands
(Yi et al., 1998).
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Considering the critical role which the diverging type II
b-turn may play in the folding of b-sheet proteins, we have
investigated the nature of local interactions in the folding of
this motif. The seven-residue peptide, Phe-Lys-Lys-Gly-
Glu-Arg-Leu (FKKGERL), of protein kinase c-src SH3
domain is considered. This turn structure is referred to
hereafter as the SH3 peptide (Fig. 1). It is termed diverging
because of the lack of backbone-backbone hydrogen bonds
between the two strands. The residues KKGE deﬁne the type
II b-turn. The turn is typiﬁed by three speciﬁc local contacts
as shown in Fig. 1. The ﬁrst contact is the mainchain-
mainchain hydrogen bonding between the carbonyl oxygen
of lysine at position 2 (K2) and the amide proton of E. For
convenience, we termed the internuclear distance responsi-
ble for this contact, d1. The second contact, (d2), is the
mainchain-sidechain hydrogen bonding between the amide
proton of K2 with the sidechain carboxylate oxygen of E.
The ﬁnal contact, d3, is hydrophobic in nature between the
sidechains of F and L, which bracket the turn. The peptide
was structurally characterized using TOCSY and ROESY
NMR experiments by Baker and co-workers (Yi et al., 1998).
The Nuclear Overhauser Effect (NOE) intensities and
J-couplings were consistent with a diverging type II b-turn
and showed evidence of these three speciﬁc contacts.
In this paper, we examine the folding of the isolated SH3
peptide in water. The free energy of the solvated peptide
is computed using replica–exchange molecular dynamics
(REMD), in which no structural biases are imposed (Sugita
and Okamoto, 1999). The replica exchange methodology
provides excellent conformational sampling that cannot be
achieved using a conventional molecular dynamics (MD)
simulation by allowing access to regions separated by high
barriers. The REMD has been applied toward the elucidation
of conformational distribution and the calculation of folding
transition temperature of short peptides (Garcia and
Sanbonmatsu, 2001; Sanbonmatsu and Garcia, 2002). From
the replica-exchange simulations, conformational distribu-
tions and structural characteristics of the SH3 peptide have
been gathered at temperatures ranging from 276 to 469 K
with intervals of 6–8 K. We have analyzed
the conformational distribution in folded and unfolded
regions. The results from the simulations are compared
with those from the NMR experiments such as NOE, spin
coupling of individual residues, and their temperature-
dependence. We look for the existence of conformations
that are consistent with the NMR measurements, especially
those that satisfy the NMR-derived constraints individually
rather than simultaneously.
The nature of contacts that characterize the diverging
turn, the correlation between contacts, and the secondary
structural distribution of the folded region are also explored.
We have sought the most critical contacts for folding the
turn. The free energy difference between the folded and un-
folded states has been calculated from their relative popula-
tions. The contribution to the free energy from its enthalpic
and entropic components is estimated. Finally, variations
in SH3 domain sequences are explored using simulations
of mutants with the goal of ﬁnding local interactions that
would increase the stability of the turn (Martinez and
Serrano, 1999; Riddle et al., 1999). The sequence GE
in the diverging turn has been identiﬁed as highly con-
served and mutations at these positions greatly affect the
stability of the entire domain. We have carried out REMD
simulations of mutants under identical conditions to the
wild type to ﬁnd out whether such substitutions stabilize or
destabilize the peptide. First, the mutation of ASP to GLU
at position 5 (E5D) is considered so that comparison can
be made to the observation that this mutation stabilizes the
fyn SH3 domain (Maxwell and Davidson, 1998). We also
considered the mutation of GLY to THR at position 4 in the
peptide sequence (G4T) similar to the sequence found in the
drk SH3 domain (Mok et al., 2001).
MATERIALS AND METHODS
The highly parallel replica-exchange method incorporates molecular dy-
namics trajectories with a temperature-exchange Monte Carlo process to
provide efﬁcient sampling of conﬁgurational space (Sugita and Okamoto,
1999). The Monte Carlo exchange allows a peptide conformation (or
a conﬁguration) at low temperature to be swapped with a conformation at
high temperature. The swapping between replicas depends on whether the
potential energy gap between neighboring replicas becomes comparable
to the temperature difference. The Metropolis criterion assures that the
exchange satisﬁes the detailed balance. The REMD algorithm was
FIGURE 1 Three-dimensional schematic picture of the SH3 peptide in
a nativelike type-II b-diverging turn conformation. The sequence of the
peptide is Phe-Lys-Lys-Gly-Glu-Arg-Leu and only the relevant sidechains
are shown. Also shown are the three speciﬁc contacts that characterize the
diverging turn: d1, mainchain-mainchain hydrogenbond; d2, mainchain-
sidechain hydrogen bond, and d3, end-residue sidechain hydrophobic
contact. The atoms that are used to deﬁne these interactions are explicitly
labeled.
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incorporated into the AMBER 4.1 suite. The details of the implementation
are given elsewhere (Garcia and Sanbonmatsu, 2001).
The replica-exchange MD simulations were implemented with 24
replicas, wherein each of the replicas is a system of SH3 peptides in
explicit solvent at constant volume. The dimension of the solvated cubic box
is 30.672 A˚. The replicas were run at the following temperatures (in Kelvin):
276, 282, 288, 294, 300, 306, 313, 319, 326, 334, 341, 349, 357, 365, 374,
383, 392, 402, 412, 423, 434, 445, 457, and 469. The temperatures were
chosen such as to maintain an exchange rate;10%. A time step of 2 fs was
used and the exchange between replicas was attempted every 125 steps (0.25
ps). The generalized reaction ﬁeld treatment (Hummer et al., 1994) was used
for electrostatic interactions with a cutoff of 8 A˚. The nonbonded pair list
was updated every 10 steps. All bonds involving hydrogen were constrained
using SHAKE. The system was coupled to an external heat bath with
a relaxation time of 0.1 ps (Berendsen et al., 1984). Each of the replicas was
simulated for 6 ns, yielding a total sampling time of 144 ns. The production
run was considered to be the last 5.8 ns/replica. The x-ray structure of the
diverging turn motif (FKKGERL) from the human tyrosine-protein kinase c-
src SH3 domain (PDB ﬁle: 1FMK) is considered as the native structure when
comparing results from the simulation. It corresponds to residues 102–108 in
the PDB residue numbering scheme.
All replicas were started from extended conformations and no structural
biases were imposed in the sampling. The peptide was solvated with 903
water molecules using the TIP3P model (Jorgensen et al., 1983). The
PARM94 force ﬁeld (Cornell et al., 1995) was used with an all-atom
representation for the SH3 peptide. We have also carried out REMD
simulations using the PARM96 force ﬁeld (Kollman et al., 1997). The
simulation conditions were identical so that direct comparison can be made
with the calculations using PARM94 force ﬁeld. It has been suggested
that PARM96 is a better force ﬁeld for b-sheets (Wang et al., 1999).
Furthermore, simulation work from our group found that PARM96 prefers
b-hairpin (Garcia and Sanbonmatsu, 2002). Krueger and Kollman (2001)
have made free energy estimates for the SH3 peptide system utilizing
different force ﬁelds. Their free energy comparisons were calculated with the
MM-PBSA approach by postprocessing trajectories that were obtained with
the PARM94 force ﬁeld. We calculate the free energy differences of the
folded and unfolded states of this peptide by performing separate REMD
simulations.
Two additional replica-exchange MD simulations were carried out to
study the effects of mutation on the stability of the diverging turn motif. We
considered the E5D and G4T mutations of the SH3 peptide. The simulations
were carried out under identical conditions to facilitate the evaluation of
relative stabilities. Finally, a conventional MD simulation was carried out at
constant volume and temperature. In this simulation the initial conﬁguration
of the SH3 peptide corresponds to a helical structure. The simulation was
carried out for 12 ns at room temperature. It is utilized to illustrate poten-
tial sampling errors that can be encountered in short conventional MD
simulations.
RESULTS AND DISCUSSION
Conformational distribution
Since the SH3 peptide adopts an assortment of con-
formations over a wide range of temperatures, a suitable
order parameter has to be considered to track those changes
and differentiate the states of the peptide. Our focus is on
distinguishing conformations adopted by this peptide from
a nativelike diverging type II b-turn. A natural choice is the
root mean square deviation of the backbone Ca atoms
(RMSD-CA) from the native state (crystal structure). Fig. 2
shows the probability of conformations along this coordi-
nate as a function of temperature. In the contour plot, red
indicates the most probable (populated) conformations.
Three major basins are sampled in the temperature range
276–469 K. We deﬁne these three basins as P1, P2, and
P3. The ﬁrst basin (P1) corresponds to conformations that
deviate less than 1.5 A˚ RMSD-CA from the native structure.
Basin P2 gathers conformations that are between 1.5 A˚ and
2.1 A˚ RMSD-CA from the native structure. The third basin,
P3, corresponds to conformations that deviate the most
(RMSD-CA[ 2.1 A˚). We classify basin P1 as folded, and
basins P2 and P3 as primarily unfolded.
Conformations from the P1 basin closely resemble the
native structure and are populated at low temperatures. With
increasing temperature, the conformational preference shifts
to basins P2 and P3. In the P2 region there is an increase in
population near 320 K. At very high temperature, most of
the conformations are found at RMSD-CA ¼ 2.5 A˚ and
correspond to structures that are random-coil or extended.
Because this is a short peptide, the chain length limits
the maximum RMSD-CA value for unfolded conforma-
tions. Fig. 3 shows the relative populations of the basins.
Conformations from the unfolded basin P3 dominate the
distribution at all temperatures, At 276 K, it accounts for
44% of the population. An appreciable number of con-
formations from the folded basin P1 are also populated at
low temperatures, ;40%. The intermediate basin P2 is
populated from 15% to 20% and remains constant with
increasing temperature.
Thermodynamics of folding
The free energy of folding of the SH3 peptides is calculated
from their relative population along the RMSD-CA
FIGURE 2 Contour plot describing the conformational variability of the
SH3 peptide as a function the root-mean-square-deviation of Ca atoms from
the native (RMSD-CA) and temperature. The red color indicates the most
probable (populated) conformations. The side bar relates the color gradient
to fractional population. Three major basins are deﬁned based on this map:
P1, RMSD-CA# 1.5 A˚; P2, 1.5 A˚\RMSD-CA# 2.1 A˚; and P3, RMSD-
CA[ 2.1 A˚.
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coordinate, which is an average over many microscopic
coordinates. The change in free energy, DG, is
DG ¼ RT logðPÞ; (1)
where P is probability distribution for a given RMSD-CA
and R is the ideal gas constant. Fig. 4 A shows the free
energy change at two different temperatures. At 300 K, the
free energy surface is very shallow as minima and barriers
are not high. Therefore, the ensemble at room temperature
is comprised of conformations from all three basins. The
lowest free energy is at RMSD-CA ¼ 1.1 A˚. Two additional
minima are found withinRT. The minimum at RMSD-CA¼
2.5 A˚ is separated by a high barrier compared to the one at
RMSD-CA ¼ 1.8 A˚. Also shown in the same plot is the free
energy change at 469 K. At this temperature there is only one
shallow minimum at RMSD-CA ¼ 2.5 A˚. It is the region
where populations from the basins P2 and P3 merge at high
temperature.
The interplay between enthalpic and entropic contribu-
tions is also explored, assuming a linear relationship between
free energy and temperature (i.e., heat capacity, Cp ¼ 0). At
each point along the RMSD-CA coordinate, the temperature-
dependence of DG is ﬁtted to
DG ¼ DH  TDS; (2)
where DH is the change in enthalpy and DS is the change in
entropy (Hummer et al., 2000). In Fig. 4A, the line represents
the ﬁt for Eq. 2. The free energy and its components
incorporate both peptide and solvent contributions. The
enthalpic and entropic components along the RMSD-CA
coordinate are shown in Fig. 4 B. The entropy is plotted as
TDS at 300 K. At low temperatures, the peptide system is
stabilized by enthalpic contribution and driven toward basin
P1. At high temperatures, however, entropic contributions
dominate and the system is found mainly in basin P3.
The minima in enthalpy and entropy are found at low
and high RMSD-CA. Small enthalpy at low RMSD-CA
is expected because folded conformations minimize ener-
getic interactions. The enthalpy of the unfolded basin (high
RMSD-CA) is 2 kcal/mol higher compared to that of the
folded basin (low RMSD-CA). The RMSD as an order
parameter limits the number of conﬁgurations at low and high
RMSD-CA values. The lowest RMSD-CA is achieved by
a few conformations that resemble the nativelike structure,
whereas the maximum number of conformations at very
large RMSD-CA is limited by the chain length. This explains
the small entropy found at the low and high RMSD-CA. A
signiﬁcant entropic contribution to the free energy occurs at
RMSD-CA ¼ 2.2 A˚. Interestingly, the broadest distribution
of the end-to-end distance is found at the same RMSD-CA.
The enthalpy and entropic contributions span a range of;8
kcal/mol.However, the entropy and enthalpic contributions to
the free energy compensate such that the range of free energy
change is only 1 kcal/mol. The inadequate compensation of
a peak in the enthalpy by entropy results in a high barrier at
FIGURE 3 The percentage of population in each of the three basins: P1
(solid lines), P2 (dotted lines), and P3 (dashed lines). The basins are deﬁned
based on Fig. 2.
FIGURE 4 (A) The free energy change at 300 K (solid lines) and 469 K
(dashed lines) are plotted along the RMSD-CA coordinate. (B) The
enthalpic (solid lines) and entropic (dashed lines) components of free energy
at 300 K. The entropy is plotted as TDS. (C) The plot of entropy versus
enthalpy. The width along the x-axis shows the magnitude of entropy
relative to the minimum. The contributions from folded (squares),
intermediate (circles), and unfolded (triangles) basins are clariﬁed. The
left ﬁgure considers the meaningful RMSD-CA range (0.5 A\RMSD-CA
\ 3.5 A) inasmuch as the extreme RMSD-CA values are associated with
very low entropy and high numerical error. The plot on the right is given for
comparison which considers the same range as the free energy plots inA and
B and the extreme RMSD-CA points are marked 1.
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RMSD-CA ¼ 2 A˚. Such an entropy-enthalpy compensation
effect has been observed in chemical reactions (Cooper, 1999;
Lumry and Rajender, 1970) and, more recently, in a hairpin
peptide (Dinner et al., 1999). This compensation can be
visualized in the plot of entropy versus enthalpy shown in Fig.
4 C. The plot is reminiscent of a two-dimensional projection
of the funnel energy landscapewhere the folded conformation
has small conﬁgurational entropy (near the center of the
coordinate system) and low contact energy (bottom of
the well). The tradeoff between entropy and enthalpy is
qualitatively consistent with the folding funnel (Bryngelson
et al., 1995; Nymeyer et al., 1998; Onuchic et al., 1997).
However, in the folding funnel a decrease in energy is
correlated to the reduction in conﬁgurational entropy,
whereas we show a correlation with the total entropy. The
main difference between the conﬁgurational entropy and
total entropy comes from the burial of hydrophobic groups
(Makhatadze and Privalov, 1995), a contribution that is not
signiﬁcant in a short peptide. In the calculations involving free
energy changes we made the simplifying assumption that
there is no temperature-dependence inDH andDS. A detailed
analysis that incorporated the heat capacity, which deﬁnes the
temperature-dependence ofDH andDS, revealed that the heat
capacity is small, in agreement with the observations of small
heat capacities for peptides (Makhatadze, 1998).
A convenient way to express the conformational stability
of the SH3 peptide is in terms of the difference in free energy
between the unfolded and the native state. Assume that the
system is in thermodynamic equilibrium; then the change in
free energy for going from an unfolded state to folded state is
DGðu! nÞ ¼ RT logð fn=fuÞ; (3)
where fn and fu are the fractions of the peptide in folded
(native) and unfolded states, respectively. We have used the
cutoff of RMSD-CA ¼ 1.5 A˚ for separating the folded from
unfolded structures. Fig. 5 shows the free energy change for
folding as a function of temperature. The melting temper-
ature for this peptide is extrapolated to 257 K, below the
lowest T simulated. At room temperature, the free energy of
folding is estimated to be 0.41 6 0.20 kcal/mol, indicating
that the SH3 peptide is not stable. As temperature increases,
the free energy cost for folding also goes up. Assuming
a linear model, the stability of this peptide can be expressed
in terms of the enthalpic and entropic contributions to the
free energy change. At 300 K, the contribution from enthalpy
is DH ¼ 2.0 kcal/mol and the contribution from entropy is
TDS ¼2.3 kcal/mol.
Comparison with NMR data
We have evaluated the temperature-dependent distribution
of the three speciﬁc distances, d1, d2, and d3 (Fig. 1), that
have been characterized by NMR to deﬁne the nativelike
structure. The ﬁrst distance, d1, is calculated as the
internuclear separation between the mainchain atoms,
carbonyl oxygen of K2, and amide nitrogen of E. The
second distance, d2, is calculated as the internuclear
separation between the mainchain amide nitrogen of K2
and carboxylate oxygens of sidechain of E. The third
distance, d3, is measured between the sidechain atoms of F
(CG or CZ) and L (CD1 or CD2) as marked in Fig. 1. The
probability distribution of these three distances at ﬁve
different temperatures is shown in Fig. 6, A–C. The distance
d1 shows bimodal distributions at all temperatures. At low
FIGURE 5 The free energy change of folding as a function of
temperature. The line represents the ﬁt to free energy using a linear model.
The RMSD-CA ¼ 1.5 A is used to separate the folded from unfolded
structures. Error bar indicates the error in mean obtained from block analysis
considering a block size of 2900 coordinate sets (725 ps) that is ;14 times
longer than the correlation time.
FIGURE 6 The temperature-dependent probability distribution of dis-
tances that describe the three speciﬁc interactions: mainchain-mainchain
hydrogen bond (A); sidechain-sidechain hydrogen bond (B); and the end-
residue sidechain hydrophobic contact (C). The pictorial representation of
interactions along with the atoms considered for the internuclear distances
are illustrated in Fig. 1. Only the distributions for ﬁve temperatures (276,
300, 365, 412, and 469 K) are shown.
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temperature, the ﬁrst peak centered at 3.2 A˚ is stronger and
narrower, indicating the existence of well-deﬁned structure
due to the mainchain-mainchain hydrogen bond. The second
peak centered at 6.2 A˚ is broader and arises due to turning
away of the backbone atoms. As temperature increases, the
ﬁrst peak loses amplitude whereas the second peak gains
strength. Both peaks become broader at high temperature,
but the peak positions do not shift.
The probability distribution of distance d2 has peaks at
short and long distances at low temperatures. The closest
distance peak is very sharp and centered at 3 A˚. It indicates
the existence of a mainchain-sidechain hydrogen bond
that loses its amplitude with increasing temperature. It is
followed by two broad peaks centered at 5.2 A˚ and 12.8 A˚
for temperatures below 350 K. At high temperatures,
contacts at long distances show a broad distribution covering
the 4 A˚–16 A˚ range. The probability distribution of distance
d3 shows a sharp peak at 4.2 A˚, indicating the existence of
hydrophobic contacts between the sidechains of the end
residues. However, the decrease in intensity of this peak with
increasing temperature is not gradual (i.e., the peak at 469 K
has a higher amplitude than the peak at 412 K). At the lowest
temperature, two additional broad structural peaks are ob-
served at 10 A˚ and 15 A˚. A Gaussian distribution centered
at 12 A˚ is observed at higher temperatures. It resembles the
behavior of an end-to-end distribution of a random peptide.
The three local contacts that characterize the turn as
suggested from NMR are evident from the distribution of
speciﬁc distances discussed above. In the NMR experiment
a combination of chemical shift and NOE data were used to
show the existence of these three speciﬁc contacts (Yi et al.,
1998). In the simulations, the ﬁrst peak in the probability
distributions signiﬁes the existence of conformations that
satisfy these local contacts.
We have calculated the NMR spin couplings (3JNHa) and
compared them with those obtained from experiments. Their
values can be related to conformations that are folded
(nativelike) or highly unfolded. The 3JNHa couplings are
obtained from the dihedral angle f using the Karplus
relationship (Karplus, 1959; Pardi et al., 1984). These values
are calculated at T ¼ 158C, closer to the temperature at
which the measurements were carried out (Yi et al., 1998).
Fig. 7 A shows both the measured and the calculated
coupling values for residues 2–6. The agreement between
experiment and calculated values is excellent for all residues,
except for K2. The calculated 3JNHa coupling of K2 is lower
than expected by ;1.4 Hz. The calculated values show
a trend similar to the measured values. Experimentally,
a small 3JNHa (;5 Hz) value for residue 3 of the peptide (K3
in our case) compared to a random coil value of 6.6 Hz
(Smith et al., 1996) was shown as an indication of its
participation in a b-turn (Wuthrich, 1986). Similarly, in the
simulations the lowest coupling is found for K3. The
temperature-dependence of 3JNHa couplings also has been
considered. Fig. 7 B shows the temperature-dependence of
residues 2–6 of the peptide. As expected, 3JNHa coupling
values increase with temperature for most of the residues.
The variation in the high temperature coupling constants can
be related to different f angle propensities of the residues in
random coil conformation (Serrano, 1995). Residues G and
E show less variation with temperature. The residue K3
shows the most sensitivity to the temperature due to the
disruption of the type II turn.
The measured J-couplings and NOEs are the result of an
ensemble and time average over a conformational distribu-
tion (Burgi et al., 2001; Choy and Forman-Kay, 2001; Daura
et al., 1999; Onuchic, 1997; Stote et al., 2000). However, it is
evident from thermodynamic analysis that the SH3 peptide
is populated in several conformational states that are in
equilibrium. Then the quantitative interpretation of NOE
constraints and 3JNHa coupling values is not straightforward,
inasmuch as it requires the distribution of conformational
states and their relative population. Additionally, NOE
FIGURE 7 Plot (A) shows both the measured (dashed lines) and the
calculated (solid lines) coupling values, 3JNHa, for residues 2–6 of the SH3
peptide at 288 K. The error bar shows the standard deviation in mean
obtained from block analysis considering a block size of 800 coordinate sets
(200 ps). Plot (B) shows the temperature-dependence of 3JNHa for the same
residues.
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measurements do not provide insight into the frequency or
correlation between the three speciﬁc contacts. The utiliza-
tion of calculated 3JNHa coupling values as a structural probe
for conformational identiﬁcation is also hampered because
one cannot discriminate between well-known conforma-
tions with the same f angle, such as poly-proline-II-like
and helical structures (Smith et al., 1996). However, MD
simulation is a valuable tool to extract such structural in-
formation at the atomic level, and to provide clarity to ex-
perimental interpretation, as shown below.
Probability distributions of contact formation
The frequency of occurrence and the strength of the three
speciﬁc contacts that are observed in the internuclear dis-
tribution of distances, d1, d2, and d3, are considered in
detail. From here on we use the symbols d1, d2, and d3 to
mean contacts as well as distances. In this analysis, only the
ﬁrst peak in the internuclear distance distribution, shown in
Fig. 6, is considered as an indication for the formation of
a contact (either hydrogen bonding or hydrophobic). The
d1 and d2 contacts are deﬁned to form hydrogen bonding
contacts when the internuclear distance is less than 4 A˚. The
third contact, d3, is deﬁned to form a hydrophobic contact
when the distance is less than 6 A˚. These cutoff distances
are chosen from the observed distributions and not from
any geometrical or energetic properties inherent to these
contacts. Fig. 8 shows the percentage of contacts that are
formed as a function of temperature. At low temperatures,
48% of the conformations form contact d1, the mainchain-
mainchain hydrogen bond. This has the highest occurrence
of the three contacts. Although the population of d1 contact
decays with increasing temperature (18% at 469 K), its
dominance is preserved. The second contact, d2, is the least
populated, with 21% and 8% at low and high temperatures,
respectively. It supports the weakness of a sidechain-main-
chain hydrogen bond, especially the one that is spatially in
the middle between the turn and the end-to-end contact. At
low temperatures, 24% of the population is found with
a formed hydrophobic contact, d3.
We have also explored the correlations between the three
speciﬁc contacts to ﬁnd out whether the formation of these
contacts are independent of each other or whether they are
inﬂuenced by each other. In addition, the simultaneous
formation of all three contacts is also explored. Fig. 9 shows
the extent of inﬂuence of speciﬁc contacts on each other. The
inﬂuence is considered as the difference in conditional
probability for observing one contact in the presence and
absence of the other contact. For example, the solid curve
shows the difference in conditional probability, [P(d2jd1) 
P(d2j;d1)], the probability of observing contact d2, given
that contact d1 exists minus the probability of observing
contact d2 given that d1 does not exist. The temperature-
dependent correlation coefﬁcients (not shown) track the
quantities plotted in Fig. 9 fairly well. When the mainchain-
mainchain hydrogen bond, d1, is already formed, the
probability for observing conformers with contact d2
increases by 42%. The correlation between contacts d1 and
d2 is indicated by a correlation coefﬁcient of 0.5 at room
temperature. Even though d1 and d2 contacts decrease with
increasing temperatures, the inﬂuence of d1 on d2 has been
maintained.
The d1 contact also inﬂuences, to a lesser degree, the
formation of the hydrophobic contact, d3 (correlation co-
FIGURE 8 The percentage of speciﬁc contacts: d1 (solid lines); d2
(dotted lines); and d3 (dashed lines) that are formed as a function of
temperature. The cutoff distances used to deﬁne the formation of these
speciﬁc contacts are deduced from the distribution of internuclear distances
plotted in Fig. 6.
FIGURE 9 The extent of inﬂuence (as a percentage) of speciﬁc contacts
on each other. The correlation between the speciﬁc contacts d1 and d2 (solid
lines), d1 and d3 (dashed lines), and d2 and d3 (dotted lines) are plotted as
functions of temperature. The probability of simultaneous formation of all
three contacts (dashed-dotted lines) is also given. The inﬂuence is expressed
as the difference in conditional probability, P(ijj)  P(ij;j), the probability
of observing contact i, given that contact j exists minus the probability of
observing contact i given that j does not exist.
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efﬁcient ¼ 0.3). According to the plot, the probability of
forming d3 contact increases by 27% when the d1 contact
exists. However, this inﬂuence decays steeply with temper-
ature. The contact d3 does not inﬂuence the formation of
d2. The correlation analysis provides a coefﬁcient below 0.1,
suggesting that d2 and d3 are uncorrelated. Finally, we
ﬁnd only 6% of conformations satisfy all three contacts
simultaneously at low temperatures. Our analysis indicates
that to form d2 and d3, structure should also have the d1
contact formed. Therefore, conformations with the d1 con-
tact have a high potential of forming a diverging turn.
Consequently, a two-dimensional conformational map of
RMSD-CA and internuclear distance d1 captures the essen-
tials of the SH3 peptide folding. The folded and unfolded
basins discussed above are evident in such a plot shown in Fig.
10A. The folded region is given by the boundary [d1\4.5 A˚]
and [RMSD-CA\ 1.5 A˚]. The unfolded region is given by
[d1[5 A˚] and [RMSD-CA[2.1 A˚]. The intermediate region
is spread over a larger area.
Characterization of the three main
conformational basins
Insight into the role of local contacts in folding can be
obtained by relating the probability of occurrence and cor-
relation of three speciﬁc contacts within the three basins P1,
P2, and P3. Fig. 11 shows the probability distribution of the
three speciﬁc distances and the percentage of contacts
formed in the three conformational regions as a function
of temperature. In the folded basin, more than 86% of
conformations are found with the mainchain-mainchain
hydrogen bond formed as indicated by a single sharp peak
at 3.2 A˚ in the distance distribution. For the mainchain-
sidechain contact d2, the internuclear distance distribution
shows three structural peaks. The ﬁrst peak corresponds to
a hydrogen bond and occurs in 44% of folded conformations.
Approximately 50% of folded conformations form hydro-
phobic contact d3, indicated by a single broad peak centered
at 4 A˚.
The least populated basin, P2, can be considered as an
intermediate with partial occupancy of stabilizing interac-
tions. The population analysis shows that d1 is still the
dominant contact in this region (50%) and the corresponding
distance distribution also occupies a second peak at 5.8 A˚.
The conformations with the d2 contact are greatly di-
minished in this basin as a result of an increase in structures
with the GLU sidechain turned outwards from the turn.
About 29% of the conformations are found with the
hydrophobic contact. In the unfolded region, basin P3, the
second peak of the d1 distance dominates, indicating no
signiﬁcant amount of mainchain-mainchain hydrogen bon-
ded conformers. Most of the sidechain-mainchain inter-
actions are also weakened as indicated by the diminished
FIGURE 10 The room temperature conformational map obtained with
PARM94 (A) and PARM96 (B) force ﬁelds. It is plotted as a function of
RMSD-CA and contact d1 where the red color indicates high conformational
probability.
FIGURE 11 The internuclear distance distributions of the three speciﬁc
contacts: d1 (red), d2 (blue), and d3 (green); and their populations in basins
P1, P2, and P3 are plotted as functions of temperature. In the distribution
plots multiple lines refers to distributions at different temperatures (ranging
from 276 K to 469 K). The condition for whether a contact has been formed
is the same as given in Fig. 8.
Folding of Diverging Turn Motif from SH3 1555
Biophysical Journal 84(3) 1548–1562
peak at 3 A˚ in the probability distribution for the d2 distance
(Fig. 11). The d3 distance shows a Gaussian distribution
centered ;15 A˚, implying the lack of native hydrophobic
contacts in the unfolded basin. However, at high temper-
atures, the hydrophobic contacts increase slightly to 11%.
The increased probability of forming this hydrophobic
contact may result from a stronger hydrophobic effect with
an increase in temperature. The hydrophobic effect for small
solutes can be related to the chemical potential of hard
spheres in water, Dmex. From the information theory of the
hydrophobic effect (Hummer et al., 1998; 1996) we know
that Dmex; Tr
2, where r is the density of water. Therefore,
we expect the hydrophobic effect to be stronger as T
increases. However, since r(T) decreases with T, Dmex will
reach a maximum and decrease (Garde et al., 1996). In our
calculations, the hydrophobic effect will be artiﬁcially
stronger at higher T, since the density is kept constant.
We want to explore whether the simultaneous existence of
the three speciﬁc contacts are satisﬁed in the folded basin.
Fig. 12 shows correlations of contacts in basins P1 and P2 as
a function of temperature. In the folded basin, 43% of the
structures are found with both d1 and d2 contacts formed. A
similar percentage is also found for structures with both d1
and d3 contacts formed. However, only 16% of the folded
structures are observed with both d2 and d3 contacts formed,
which are uncorrelated. Interestingly, the temperature-de-
pendence of the simultaneous formation of all three contacts
follows closely the simultaneous formation of both d2 and d3
contacts. As shown in Fig. 12, only 2% of conformers satisfy
simultaneous satisfaction of all three speciﬁc contacts in P2
basin. We do not observe any signiﬁcant amount of cor-
relations between contacts in conﬁgurations from the P3
basin.
Stability of the turn with ASP instead of GLU
at position 5
Our analysis of the correlation between contacts suggested
that substitutions, which enhance the correlation between
contacts d2 and d3, may increase the stability of the
diverging turn. An ideal mutation is E5D. This mutation
could lead to more stabilization because of the reduction of
sidechain entropy due to its short carboxylic sidechain;
however, it can still form a hydrogen bond to the backbone
hydrogen from K2. Many SH3 domains are found with ASP
in position 5 in the turn (Larson and Davidson, 2000).
According to a sequence alignment of a large number of SH3
domains from the protein database, ASP is present in 60% of
sequences compared to the 23% prevalence found for GLU
(Maxwell and Davidson, 1998).
In contradiction to our expectations, we ﬁnd the mutated
peptide to be less stable than the wild type by 0.61 6 0.20
kcal/mol. Predominantly, basins P2 and P3 are populated.
The E5D mutation destabilizes the isolated diverging turn by
diminishing the formation of the d2 contact. The formation
of the d1 contact also has been diminished. We ﬁnd that
the sidechain carboxylic group of ASP prefers to form
a hydrogen bond with the neighboring (ARG) backbone.
Twenty-ﬁve percent of the conformations are found with
hydrogen bonding to the ARG compared to 5% that form
the d2 contact. The shorter sidechain of ASP enables it to
hydrogen-bond to the neighboring ARG backbone amino
hydrogen instead of the K2 backbone amide hydrogen as is
the case in wild type. Such a behavior of the ASP residue has
been especially well-known as a ‘‘helix-breaker’’ when it
occurs inside a helix or as a capping amino acid at the end of
helices (Harper and Rose, 1993; Huyghues-Despointes et al.,
1993; Vijayakumar et al., 1999).
It has been shown experimentally that the E5D mutation
stabilizes the fyn SH3 domain by 0.7 kcal/mol (Maxwell and
Davidson, 1998). The mutated sequence (FKKGDRL) is
similar to the diverging turn segment found in the N-terminal
SH3 domain of Crk (PDB: 1CKA). The RMSD-CA analysis
shows the diverging turns from the src SH3 and the crk SH3
crystal structures are structurally identical (RMSD-CA ¼
0.08A). In fact, the d2 contact distance is shorter in crk SH3
domain than in the src SH3. The E5D substitution may
stabilize the diverging turn when it is part of the protein. It is
illustrated here, however, that in isolation such a substitution
leads to destabilization.
The strongest experimental evidence that supports our
unexpected observation, although indirect, comes from the
double mutation studies on the fyn SH3 domain. It was
found that a speciﬁc nonlocal interaction between the
sidechain of the residue at the position 5 of the diverging
turn (Glu24) with the sidechain of a residue from the b-sheet
(Ser41) contributed 0.5 kcal/mol to the stability of the
domain (Maxwell and Davidson, 1998). In experiments
dealing with mutations in an immunoglobulin Vk domain,
FIGURE 12 The percentage of populations in basin P1 (a) and P2 (b)
with d1 and d2 (solid lines), d1 and d3 (dashed lines), d2 and d3 (dotted
lines), and d1 and d2 and d3 (dotted-dashed lines) contacts formed.
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Boris Stepie and co-workers were able to show that a high
local propensity mutation for a type II9 b-turn in aVk domain
(A15P) was stabilizing (Niggemann and Steipe, 2000; Ohage
et al., 1997). However, they found that a mutation that
restored the Vk domain sequence consensus (A15L) was
even more stabilizing—therefore showing that the stability
of the whole protein upon mutation is greatly inﬂuenced by
nonlocal interactions.
Formation of other turn structures
The conformational distributions were considered earlier in
terms of their root-mean-square-deviation (RMSD) from
native Ca atoms. Here, we investigate the propensities of the
critical residues of the SH3 peptide to populate the different
regions of (f,c) map. The (f,c) distribution for the two key
residues that determine the turn, K3 and G, are considered
since the diverging structure spreads the (f,c) values of the
remaining residues into a fairly extended region. The ideal
values for a type II turn are (60, 120) for K3 and (80, 0) for
G (Wilmot and Thornton, 1988). Fig. 13 shows the (f,c)
map for K3 and G in the three different basins. In the folded
basin P1, the (f,c) values remain near the ideal type II turn
values. Residue G takes a positive f value which is critical
for forming a turn. In the P2 basin, G samples a wide range
of (f,c) values indicating neither speciﬁc preference nor
existence of strict secondary structure. The (f,c) angles of
K3 also sample additional areas that may correspond to
regions of helical. It further conﬁrms that basin P2 is an
intermediate where several different states are sampled. In
this region, the conﬁgurational entropic contribution can be
signiﬁcant. The P3 basin consists of conformations with
long end-to-end distances where the (f,c) values that can be
sampled by G are restrained with respect to the f dihedral
angle.
We examined the trajectories for conformations with
several different kinds of turns and their dependence on
the temperature. A structure is deﬁned to be type II b-turn
when the (f,c) values for the turn residues K3 and G fall
within 6308 of the ideal values, (60, 120) and (80, 0),
respectively. With this criterion,;18% of the population can
be considered as a type II turn. We have also monitored the
type I and type VI turns based on Ramachandran angles of
K3 and G (Wilmot and Thornton, 1988). The type I and type
II turns are two most frequently occurring b-turns in proteins
which differ only in terms of the orientation of middle
peptide. It has been suggested, for proteins, that conforma-
tional interchange is possible between type I and type II turns
through the ﬂip of this central peptide (Gunasekaran et al.,
1998). However, we do not see evidence for that interchange
in the isolated short peptide. For example, conformations
that satisfy the type I turn compose less than 4% of the total
population.
Formation of helical structures
The helical propensities of the SH3 peptide residues are
considered here. It was suggested that the polar sidechains
at positions 3 and 5 in the SH3 peptide along with the
positioning of GLY residue in this sequence destabilize the
formation a-helix (Yi et al., 1998). The helical content can
be calculated as having three consecutive residues satisfying
the following (f,c) for a helix: (f,c) ¼(65 6 35, 37 6
30) (Lifson and Roig, 1961). We ﬁnd the helical content of
the SH3 peptide to be minimal. As expected, GLY has the
lowest helical content. Recent theoretical work on the same
peptide using conventional MD simulations showed that the
conformations sampled depended on the initial conforma-
tions (Krueger and Kollman, 2001). In that study, the
simulations that were started with helical structures never
produced nativelike structures, whereas the ones that were
started with nativelike structures remained as nativelike
(Krueger and Kollman, 2001). The REMD simulations,
considered here, provide excellent sampling such that
regardless of the initial conﬁguration, the nativelike
conformations are found.
To identify the helical region in the conformational
map and to illustrate the lack of sampling, a 12-ns-long
conventional MD simulation of SH3 peptide was carried out
at room temperature with an initial helical structure. The
projection of the trajectory along the RMSD-CA coordinate
is shown in color in Fig. 14 A. The black line represents the
projection of the trajectory along the RMSD-CA atoms of the
initial helical structure. The SH3 peptide remained helical for
;4 ns. Then it went through a transitional region for 2 ns,
before reaching the folded state. It remained folded for the
rest of the simulation, ;6 ns. The color-coding is utilized to
map the time trajectory onto the two-dimensional confor-
FIGURE 13 The Ramachandran (f,c) map for K3 and G residues of the
SH3 peptide in three different basins.
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mational map of RMSD-CA versus internuclear distance d1
as shown in Fig. 14 B. The helical and nativelike regions can
be easily located in the contour map. The helical region is
conﬁned between [d1\4 A˚] and [2.1 A˚\RMSD-CA\3.5
A˚]. The same helical region can be identiﬁed in a similar
map shown earlier (Fig. 10 A), demonstrating that REMD
accesses the helical conformational region at room temper-
ature. As estimated from the free energy, the native state is
stabilized over the helical state by 1.04 6 0.18 kcal/mol at
300 K.
Role of GLY on the stability of the turn
We have further investigated the importance of having GLY
at the fourth position in the SH3 peptide as found in many
other type II turns (Wilmot and Thornton, 1988). Such a
placement also allows the backbone to adopt a left-handed
helical conformation. The sequence alignment on SH3
domains indicated a very high probability for GLY at this
position, ;77% (Larson and Davidson, 2000; Mok et al.,
2001). The diverging turn motif from the SH3 domain of
the Drosophila protein drk (drk SH3), however, has a THR
instead of a GLY. The interest in the drk SH3 domain arises
because it exists in equilibrium between folded and unfolded
states under nondenaturing aqueous buffer conditions. NMR
structural data of this domain showed signatures of diverging
turn structure in the wild type (R. Pomes, Research Institute
of the Hospital of the Sick Children, personal communica-
tion), whereas a single mutation of THR to GLY (T4G)
resulted in strong stabilization of the domain (Mok et al.,
2001).
The REMD simulation results on G4T mutant show that
THR substitution hinders the formation of nativelike
conformations and causes severe destabilization on the
isolated peptide. According to the thermodynamic analysis,
having THR instead of GLY destabilizes the diverging turn
motif by 1.73 6 0.06 kcal/mol. From the experimental
measurements on drk SH3, the stabilization from the reverse
mutation, T4G, was 2.5 kcal/mol (Mok et al., 2001). The
NMR data on the drk SH3 suggested that in the unfolded
state the diverging turn motif has non-native topology. This
observation led to the speculation that THR in the sequence
stabilizes the unfolded state by forming non-native con-
formation and that the GLY substitution disrupts the non-
native residual structure in the diverging turn (Mok et al.,
1999; 2001). However, the analysis of the conformational
distribution of G4T mutant showed no evidence for the
existence of a signiﬁcant number of non-native secondary
structures such as helices. We searched for FKKTERL
sequence in the PDB and found that the closest sequence
pattern corresponded to the sequence KKTER in horse
cytochrome C (PDB: 1HRC). It occurs at the beginning of
a helix and the (f,c) values indicate that THR is helical
(Lifson and Roig, 1961). So it is quite possible that in the
presence of rest of the protein, the diverging turn motif of the
drk SH3 can adopt non-native conformations such as helical.
Conformational dependence on force ﬁelds
The success of a computational study such as this often
depends upon the quality of the force ﬁeld. The folding of the
SH3 peptide into the nativelike structure provides conﬁdence
in the force ﬁeld inasmuch as it can unearth the sequence-
speciﬁc secondary structure. The force ﬁeld used, PARM94
(Cornell et al., 1995), is reasonable in deterring the formation
of a-helical and b-hairpin structures and favoring the type II
turn structure. The PARM96 (Kollman et al., 1997; Wang
et al., 1999) force ﬁeld was developed to correct for the
overestimates of helical formation by PARM94. We have
explored how the well the recent AMBER parameter set
PARM96 reproduces these results. The REMD simulations
with the PARM96 force ﬁeld resulted in diminished
formation of nativelike conformations, down to 20% of the
FIGURE 14 (A) The trajectory of the conventional MD simulation started
with a helical conﬁguration of the SH3 peptide at 300 K. The RMSD-CA
from the helical (black) and native (color) structures is plotted. (B) The
conformational map plotted as a function of RMSD-CA and contact d1. The
color-coding is utilized to map the trajectory onto the conformational map.
The trajectory starts helical (blue), goes through a transitional region
(green), and ﬁnally proceeds to the folded state (red).
1558 Gnanakaran and Garcia
Biophysical Journal 84(3) 1548–1562
population. Compared to the case with PARM94 (Fig. 10),
the conformational distribution does not quite access the
folded region [d1\ 4.5 A˚] and [RMSD-CA\ 1.5 A˚] with
PARM96 as illustrated in Fig. 10 B. In fact, the conforma-
tional distribution lies at the folding ‘‘edges’’ of the basin.
Compared to PARM94, the nativelike and helical states are
destabilized by 1.34 6 0.16 kcal/mol and 2.88 6 0.37 kcal/
mol, respectively, at room temperature. Furthermore, with
PARM96, the nativelike conformations are stabilized over
helical conformations by 2.596 0.21 kcal/mol, compared to
1.04 6 0.18 kcal/mol obtained with PARM94. The above
comparisons are summarized in Table 1.
We have also compared our results with those from the
parameter comparative study by Krueger and Kollman
(2001) on the same peptide. As mentioned in the Meth-
odology section, it was based on a continuum model, the
Molecular Mechanical-Poisson/Boltzmann Surface Area
(MM-PBSA) approach (Srinivasan et al., 1998), in contrast
to the explicit solvent model considered here. Both cal-
culations agree that the greater stability for the SH3 peptide
is obtained with PARM94, and that PARM96 signiﬁ-
cantly disfavors helical structures. However, the extent
of helical destabilization differs. The major discrepancy is
that MM-PBSA analysis suggested that PARM94 favors
the helical state over the native state by 5.3 kcal/mol and
PARM96 favors the native state over helical state by 3 kcal/
mol, whereas our calculations indicate that native state
is preferred over helical state with both PARM94 and
PARM96. These differences can be most likely attributed to
lack of sampling and the inaccuracy of the implicit solvent
treatment considered in the MM-PBSA study.
For this peptide, the only difference between PARM94
and PARM96 is in the parameters assigned to the backbone
dihedrals. We identify the dihedral parameters involving
GLY residue as one of the main culprits in preventing
the SH3 peptide from forming nativelike structures with
PARM96 force ﬁeld. The angle histogram shown in Fig. 15
compares the (f,c) values for GLY from simulations that
used PARM94 with those of the PARM96 force ﬁeld. Only
the distribution at room temperature is plotted. It is evident
that the (f,c) distribution for GLY is different between these
two parameter sets. With PARM 94, f values for GLY are
consistent with the turn structures whereas the accessibility
of positive f values is signiﬁcantly more restricted with
PARM96. Previous REMD studies of a-helical peptides
showed that PARM96 was inadequate to model the thermo-
dynamics of a-helical peptides (Garcia and Sanbonmatsu,
2002). The above observations cast doubt on the suitabi-
lity of PARM96 to model proteins.
CONCLUSIONS
The replica-exchange molecular dynamics method provided
an efﬁcient sampling of the conﬁgurational space of the SH3
peptide, enabling us to identify three main basins sampled by
the peptide. We observed the existence of nativelike b-type
II diverging turn conformations. We were able to categorize
the three basins as conformational regions that corresponded
to the folded, intermediate, and unfolded states, respectively.
Conformations from the unfolded basin dominated the dis-
tribution at all temperatures. The probability of observing
nativelike conformations decayed gradually with increasing
temperature, with 40% at 276 K to 5% at 469 K. Thus, only
a fraction of the conformations formed a type II diverging
turn, indicating that the folded state of this peptide is unstable
in aqueous solution.
Our results are in agreement with the observations from
the proton NMR, which indicate that the type II b-turn
population is partially populated (Yi et al., 1998). The three
speciﬁc contacts (d1, d2, and d3) as suggested from NMR
experiments were evident from the structural peaks in the
distribution of speciﬁc distances obtained from the simu-
lations. There is also good agreement between calculated and
experimental J-couplings. The NMR measurements are
ensemble- averaged over different structures. A conventional
MD simulation is unlikely to yield adequate sampling of
conformational space for the proper evaluation of such
ensemble averages. The MD simulation that was started with
a helical conﬁguration of the SH3 peptide was used to
illustrate the need for the conventional MD simulation to
be carried over for a very long time to sample all relevant
conformations. The REMD simulations, as shown here,
greatly increase the effectiveness of conformational search-
ing and can be used as a tool to interpret the NMR-derived
parameters.
From the REMD simulations, we found that the
TABLE 1 Stability of wild type and mutants of isolated SH3 peptide at room temperature
Wild type E5D G4T Wild type (PARM96)
A) Stability at 300 K
DG (unfolded!folded) 0.41 6 0.20 1.21 6 0.10 2.99 6 0.64 1.91 6 0.12
DG (helical!folded) 1.04 6 0.18 0.23 6 0.24 1.21 6 0.01* 2.59 6 0.21
B) Stability relative to wild type
DG (folded) 0.61 6 0.20 1.73 6 0.06* 1.34 6 0.16
DG (helical) 0.20 6 0.14 2.06 6 0.11 2.88 6 0.37
The last column corresponds to wild-type simulations run with PARM96 force ﬁeld. All other simulations were run with PARM94 force ﬁeld. Error bar
indicates the error in mean obtained by separating the data into four blocks. (*) indicates the error analysis done using only two blocks.
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conformation of the SH3 peptide in the folded basin was not
unique. It was also notable that a broad distribution of
conformations from both intermediate and unfolded regions
also contributed to the ensemble at room temperature. We
also found nativelike folded structures exist where not all
the NMR-derived constraints, d1, d2, and d3, were satisﬁed.
Only 16% of folded structures simultaneously satisﬁed all
three contacts as interpreted by NMR observations. Most of
the folded structures satisﬁed either individual (d1 contact)
or a combination of (d1 and d2 or d1 and d3 contacts) NMR
constraints. Therefore, we believe that NMR observations of
these contact constraints cannot be interpreted solely in terms
of existence of structures that simultaneously satisfy all three
constraints.
This study also revealed general insights into the nature of
local contacts that provide stability to the SH3 peptide. The
mainchain-mainchain hydrogen bond contact, d1, has the
highest occurrence and accounted for in 48% of conforma-
tions. The mainchain-sidechain hydrogen bond (d2) and
the hydrophobic contact of the end residue sidechains (d3)
occurred in ;20% of conformations. We found that 86% of
the folded conformations have contact d1 formed whereas
;45% of conformations have either d2 or d3 contacts
formed. The contacts d1 and d2 and d1 and d3 were highly
correlated and can be observed simultaneously. The si-
multaneous formation of all three contacts was determined
primarily by whether the uncorrelated contacts d2 and d3
were able to form. We conclude that the mainchain-
mainchain hydrogen bond contact is critical for folding of
this peptide inasmuch as it has the highest occurrence in
folded structures and correlates strongly to the formation of
other two contacts.
We determined the thermodynamic stability of the folded
form of the SH3 peptide relative to the unfolded form. The
estimated free energy of folding of the isolated diverging
turn motif at 300 K was 0.416 0.20 kcal/mol. Therefore, the
stability of this motif inside the protein must be a conse-
quence of the strength of various noncovalent forces that
may be either electrostatic or hydrophobic in origin. We
evaluated the free energy of the SH3 peptide along the
RMSD-CA coordinate. The thermodynamic proﬁle indicated
a very shallow free energy surface with small barriers. At
room temperature, the minimum free energy was found at
RMSD-CA ¼ 1.1 A˚. The components of free energy have
been decomposed to determine the factors that stabilize the
peptide. The minima in enthalpy and entropy were found at
low and high RMSD-CA values. Furthermore, the entropy
and enthalpy contributions to the free energy compensate
each other such that the range of free energy change was on
the order 2 RT.
We carried out simulations of E5D and G4T mutants to
explore whether the positioning of amino acids in the SH3
peptide sequence biases toward the folding of a type II
diverging turn. Experimental mutational studies have shown
that the substitutions at these positions greatly affect the
stability of the entire SH3 domain (Maxwell and Davidson,
1998; Mok et al., 2001). Most of the SH3 domains (60%)
are found with D at position 5 in the diverging turn motif.
Furthermore, the E5D mutation stabilizes the fyn SH3
domain by 0.7 kcal/mol. In the REMD simulations we found
the contrary; the E5D mutation destabilized the isolated
diverging turn motif by 0.61 6 0.20 kcal/mol. The second
mutation G4T occurs at a position where sampling a positive
f-angle is critical for forming the turn as evidenced by a 77%
probability of occurrence for G at this position in the SH3
sequence. The mutation G4T destabilized the isolated
diverging turn by 1.73 6 0.06 kcal/mol, which compares
well with the value of 2.5 kcal/mol observed for the reverse
mutation in the drk SH3. The latter mutation was also
investigated for the existence of non-native secondary
structures. Unlike the observations of diverging turns adop-
ting non-native secondary structures in the denatured state
of the drk SH3, no signiﬁcant secondary structural motif
was found for the G4T mutant.
Several theoretical and experimental studies suggested
that the diverging turn motif considered is one of the most
stable secondary structures in the native and denatured SH3
domain. Our results indicate that, when outside the network
of the rest of the protein, the diverging turn motif has low
stability and is fractionally populated. Furthermore, the
folded state corresponds to conformations where not all the
native contacts are satisﬁed. Such a picture of SH3 peptide
based on local interactions should not eliminate any possible
role the diverging turn motif may play in the overall folding
of SH3 domain. Even with its low intrinsic stability, the
diverging turn can behave as part of a nucleus for folding and
increase the folding rate. The isolated structures that exist in
non-native conformations could still facilitate the formation
of secondary structures by positioning segments in favorable
locations (Wang and Shortle, 1995; 1996). The lack of native
FIGURE 15 The f-dihedral angle histogram for GLY residue with
PARM94 (dashed lines) and PARM96 (solid lines) force ﬁelds at 300 K.
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contacts should not alter folding pathway. The presence of
a nativelike secondary structural motif in a denatured protein
does not imply that it has a high intrinsic stability. It is
possible that the diverging turn motif can be stabilized by
interactions from the unfolded b-strands in SH3 domain
(Shortle et al., 1996; Wang and Shortle, 1997). Finally, our
investigation for an optimum sequence for the diverging turn
motif that would increase the intrinsic stability did not quite
agree with the stability achieved for the entire domain.
We thank Hugh Nymeyer, Paul Fenimore, Kevin Sanbonmatsu, Tuhin
Ghosh, David Baker, and Alan Davidson for comments and suggestions.
This work was supported in part by the United States Department of Energy
and by Los Alamos National Laboratory Directed Research Funds (B.
McMahon, P.I.).
REFERENCES
Berendsen, H. J. C., J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and
J. R. Haak. 1984. Molecular dynamics with coupling to an external bath.
J. Chem. Phys. 81:3684–3690.
Blanco, F. J., G. Rivas, and L. Serrano. 1994. A short linear peptide that
folds into a native stable beta-hairpin in aqueous-solution. Nat. Struct.
Biol. 1:584–590.
Bryngelson, J. D., J. N. Onuchic, N. D. Socci, and P. G. Wolynes. 1995.
Funnels, pathways, and the energy landscape of protein-folding:
a synthesis. Proteins. 21:167–195.
Burgi, R., J. Pitera, and W. F. van Gunsteren. 2001. Assessing the effect
of conformational averaging on the measured values of observables.
J. Biomol. NMR. 19:305–320.
Bystroff, C., and D. Baker. 1997. Blind predictions of local protein
structure in CASP2 targets using the I-sites library. Proteins.
1(Suppl.):167–171.
Bystroff, C., and D. Baker. 1998. Prediction of local structure in proteins
using a library of sequence-structure motifs. J. Mol. Biol. 281:565–577.
Choy, W. Y., and J. D. Forman-Kay. 2001. Calculation of ensembles of
structures representing the unfolded state of an SH3 domain. J. Mol.
Biol. 308:1011–1032.
Cooper, A. 1999. Thermodynamic analysis of biomolecular interactions.
Curr. Opin. Chem. Biol. 3:557–563.
Cornell, W. D., P. Cieplak, C. I. Bayly, I. R. Gould, K. M. Merz, D. M.
Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, and P. A. Kollman.
1995. A second-generation force ﬁeld for the simulation of proteins,
nucleic-acids, and organicmolecules. J. Am.Chem. Soc. 117:5179–5197.
Daura, X., I. Antes, W. F. van Gunsteren, W. Thiel, and A. E. Mark. 1999.
The effect of motional averaging on the calculation of NMR-derived
structural properties. Proteins. 36:542–555.
Dinner, A. R., T. Lazaridis, and M. Karplus. 1999. Understanding beta-
hairpin formation. Proc. Natl. Acad. Sci. USA. 96:9068–9073.
Dyson, H. J., G. Merutka, J. P. Waltho, R. A. Lerner, and P. E. Wright.
1992a. Folding of peptide fragments comprising the complete sequence
of proteins: models for initiation of protein folding.1. Myohemerythrin.
J. Mol. Biol. 226:795–817.
Dyson, H. J., J. R. Sayre, G. Merutka, H. C. Shin, R. A. Lerner, and P. E.
Wright. 1992b. Folding of peptide fragments comprising the complete
sequence of proteins: models for initiation of protein folding.2.
Plastocyanin. J. Mol. Biol. 226:819–835.
Eaton, W. A., V. Munoz, S. J. Hagen, G. S. Jas, L. J. Lapidus, E. R. Henry,
and J. Hofrichter. 2000. Fast kinetics and mechanisms in protein folding.
Annu. Rev. Biophys. Biomol. Struct. 29:327–359.
Garcia, A. E., and K. Y. Sanbonmatsu. 2001. Exploring the energy
landscape of a beta hairpin in explicit solvent. Proteins. 42:345–354.
Garcia, A. E., and K. Y. Sanbonmatsu. 2002. Alpha-helical stabilization by
side chain shielding of backbone hydrogen bonds. Proc. Natl. Acad.
Sci. USA. 99:2782–2787.
Garde, S., G. Hummer, A. E. Garcia, M. E. Paulaitis, and L. R. Pratt. 1996.
Origin of entropy convergence in hydrophobic hydration and protein
folding. Phys. Rev. Lett. 77:4966–4968.
Grifﬁths-Jones, S. R., A. J. Maynard, and M. S. Searle. 1999. Dissecting the
stability of a beta-hairpin peptide that folds in water: NMR and molecular
dynamics analysis of the beta-turn and beta-strand contributions to
folding. J. Mol. Biol. 292:1051–1069.
Gunasekaran, K., L. Gomathi, C. Ramakrishnan, J. Chandrasekhar, and P.
Balaram. 1998. Conformational interconversions in peptide beta-turns:
analysis of turns in proteins and computational estimates of barriers.
J. Mol. Biol. 284:1505–1516.
Harper, E. T., and G. D. Rose. 1993. Helix stop signals in proteins and
peptides: the capping box. Biochemistry. 32:7605–7609.
Hummer, G., A. E. Garcia, and S. Garde. 2000. Conformational diffusion
and helix formation kinetics. Phys. Rev. Lett. 85:2637–2640.
Hummer, G., S. Garde, A. E. Garcia, M. E. Paulaitis, and L. R. Pratt. 1998.
Hydrophobic effects on a molecular scale. J. Phys. Chem. B. 102:
10469–10482.
Hummer, G., S. Garde, A. E. Garcia, A. Pohorille, and L. R. Pratt. 1996. An
information theory model of hydrophobic interactions. Proc. Natl.
Acad. Sci. USA. 93:8951–8955.
Hummer, G., D. Soumpasis, and M. Neumann. 1994. Computer simulation
of aqueous Na-Cl electrolytes. J. Phys. Cond. Matt. 6:A141–A144.
Huyghues-Despointes, B. M. P., J. M. Scholtz, and R. L. Baldwin. 1993.
Effect of a single sspartate on helix stability at different positions in
a neutral alanine-based peptide. Protein Sci. 2:1604–1611.
Jorgensen, W. L., J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.
Klein. 1983. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 79:926–935.
Karplus, M. 1959. Contact electron-spin interactions of nuclear magnetic
moments. J. Chem. Phys. 30:11–15.
Kollman, P. A., R. W. Dixon, W. D. Cornell, T. Fox, C. Chipot, and A.
Pohorille. 1997. The development/application of a ‘‘minimalist’’ organic/
biomolecular mechanic forceﬁeld using a combination of ab initio
calculations and experimental data. InComputer Simulations of Biological
Systems. W. van Gunsteren, editor. ESCOM, Dordrecht, Netherlands.
Krueger, B. P., and P. A. Kollman. 2001. Molecular dynamics simulations
of a highly charged peptide from an SH3 domain: possible sequence-
function relationship. Proteins. 45:4–15.
Larson, S. M., and A. R. Davidson. 2000. The identiﬁcation of conserved
interactions within the SH3 domain by alignment of sequences and
structures. Protein Sci. 9:2170–2180.
Lifson, S., and A. Roig. 1961. On the theory of helix-coil transition in
polypeptides. J. Chem. Phys. 34:1963–1974.
Lumry, R., and S. Rajender. 1970. Enthalpy-entropy compensation
phenomena in water solutions of proteins and small molecules.
Biopolymers. 9:1125–1227.
Makhatadze, G. I. 1998. Heat capacities of amino acids, peptides and
proteins. Biophys. Chem. 71:133–156.
Makhatadze, G. I., and P. L. Privalov. 1995. Energetics of protein structure.
Adv. Protein Chem. 47:307–425.
Martinez, J. C., and L. Serrano. 1999. The folding transition state between
SH3 domains is conformationally restricted and evolutionarily con-
served. Nat. Struct. Biol. 6:1010–1016.
Maxwell, K. L., and A. R. Davidson. 1998. Mutagenesis of a buried polar
interaction in an SH3 domain: sequence conservation provides the best
prediction of stability effects. Biochemistry. 37:16172–16182.
Mok, Y. K., E. L. Elisseeva, A. R. Davidson, and J. D. Forman-Kay. 2001.
Dramatic stabilization of an SH3 domain by a single substitution: Roles
of the folded and unfolded states. J. Mol. Biol. 307:913–928.
Folding of Diverging Turn Motif from SH3 1561
Biophysical Journal 84(3) 1548–1562
Mok, Y. K., C. M. Kay, L. E. Kay, and J. Forman-Kay. 1999. NOE data
demonstrating a compact unfolded state for an SH3 domain under non-
denaturing conditions. J. Mol. Biol. 289:619–638.
Munoz, V., and L. Serrano. 1996. Local versus nonlocal interactions in
protein folding and stability: an experimentalist’s point of view. Fold.
Des. 1:R71–R77.
Munoz, V., P. A. Thompson, J. Hofrichter, and W. A. Eaton. 1997. Folding
dynamics and mechanism of beta-hairpin formation. Nature. 390:196–
199.
Niggemann, M., and B. Steipe. 2000. Exploring local and non-local
interactions for protein stability by structural motif engineering. J. Mol.
Biol. 296:181–195.
Nymeyer, H., A. E. Garcia, and J. N. Onuchic. 1998. Folding funnels and
frustration in off-lattice minimalist protein landscapes. Proc. Natl. Acad.
Sci. USA. 95:5921–5928.
Ohage, E. C., W. Graml, M. M. Walter, S. Steinbacher, and B. Steipe.
1997. Beta-turn propensities as paradigms for the analysis of structural
motifs to engineer protein stability. Protein Sci. 6:233–241.
Onuchic, J. N. 1997. Contacting the protein folding funnel with NMR.
Proc. Natl. Acad. Sci. USA. 94:7129–7131.
Onuchic, J. N., Z. Lutheyschulten, and P. G. Wolynes. 1997. Theory of
protein folding: the energy landscape perspective. Annu. Rev. Phys.
Chem. 48:545–600.
Pande, V. S., and D. S. Rokhsar. 1999. Molecular dynamics simulation of
unfolding and refolding of a beta-hairpin fragment of protein G. Proc.
Natl. Acad. Sci. USA. 96:9062–9067.
Pardi, A., M. Billeter, and K. Wuthrich. 1984. Calibration of angular
dependence of the amide proton-Ca proton coupling constants, 3JHNa, in
a globular protein: use of 3JHNa for identiﬁcation of helical secondary
structure. J. Mol. Biol. 180:741–751.
Riddle, D. S., V. P. Grantcharova, J. V. Santiago, E. Alm, I. Ruczinski, and
D. Baker. 1999. Experiment and theory highlight role of native state
topology in SH3 folding. Nat. Struct. Biol. 6:1016–1024.
Sanbonmatsu, K. Y., and A. E. Garcia. 2002. Structure of Met-enkephalin
in explicit aqueous solution using replica exchange molecular dynamics.
Proteins. 46:225–234.
Searle, M. S. 2001. Peptide models of protein beta-sheets: design; folding
and insights into stabilising weak interactions. J. Chem. Soc. Perkin
Trans. 2 7:1011–1020.
Serrano, L. 1995. Comparison between the phi distribution of the amino
acids in the protein database and NMR data indicates that amino acids
have various phi propensities in the random coil conformation. J. Mol.
Biol. 254:322–333.
Shortle, D., Y. Wang, J. R. Gillespie, and J. O. Wrabl. 1996. Protein folding
for realists: a timeless phenomenon. Protein Sci. 5:991–1000.
Smith, L. J., K. A. Bolin, H. Schwalbe, M. W. MacArthur, J. M. Thornton,
and C. M. Dobson. 1996. Analysis of main chain torsion angles in
proteins: prediction of NMR coupling constants for native and random
coil conformations. J. Mol. Biol. 255:494–506.
Srinivasan, J., T. E. Chetham, P. Cieplak, P. A. Kollman, and D. A. Case.
1998. Continuum solvent studies of the stability of DNA, RNA, and
phosphoramidate-DNA helices. J. Am. Chem. Soc. 120:9401–9409.
Stote, R. H., A. P. Dejaegere, J. F. Lefevre, and M. Karplus. 2000. Multiple
conformations of RGDW and DRGDW: a theoretical study and
comparison with NMR results. J. Phys. Chem. B. 104:1624–1636.
Sugita, Y., and Y. Okamoto. 1999. Replica-exchange molecular dynamics
method for protein folding. Chem. Phys. Lett. 314:141–151.
Tobias, D. J., S. F. Sneddon, and C. L. Brooks. 1990. Reverse turns in
blocked dipeptides are intrinsically unstable in water. J. Mol. Biol.
216:783–796.
Viguera, A. R., M. A. Jimenez, M. Rico, and L. Serrano. 1996.
Conformational analysis of peptides corresponding to beta-hairpins and
a beta-sheet that represent the entire sequence of the alpha-spectrin SH3
domain. J. Mol. Biol. 255:507–521.
Vijayakumar, M., H. Qian, and H. Zhou. 1999. Hydrogen bonds between
short polar side chains and peptide backbone: prevalence in proteins and
effects on helix-forming propensities. Proteins. 34:497–507.
Wang, L., Y. Duan, R. Shortle, B. Imperiali, and P. A. Kollman. 1999.
Study of the stability and unfolding mechanism of BBA1 by molecular
dynamics simulations at different temperatures. Protein Sci. 8:1292–
1304.
Wang, Y., and D. Shortle. 1995. The equilibrium folding pathway of
staphylococcal nuclease: identiﬁcation of the most stable chain-chain
interactions by NMR and CD spectroscopy. Biochemistry. 34:15895–
15905.
Wang, Y., and D. Shortle. 1996. A dynamic bundle of four adjacent
hydrophobic segments in the denatured state of staphylococcal nuclease.
Protein Sci. 5:1898–1906.
Wang, Y., and D. Shortle. 1997. Residual helical and turn structure in the
denatured state of staphylococcal nuclease: analysis of peptide frag-
ments. Fold. Des. 2:93–100.
Wilmot, C. M., and J. M. Thornton. 1988. Analysis and prediction of
the different types of beta-turn in proteins. J. Mol. Biol. 203:
221–232.
Wright, P. E., H. J. Dyson, and R. A. Lerner. 1988. Conformation of
peptide-fragments of proteins in aqueous-solution: implications for
initiation of protein folding. Biochemistry. 27:7167–7175.
Wuthrich, K. 1986. NMR of Proteins and Nucleic Acids. John Wiley &
Sons, New York.
Yang, A. S., B. Hitz, and B. Honig. 1996. Free energy determinants of
secondary structure formation. 3. Beta-turns and their role in protein
folding. J. Mol. Biol. 259:873–882.
Yi, Q., C. Bystroff, P. Rajagopal, R. E. Klevit, and D. Baker. 1998.
Prediction and structural characterization of an independently
folding substructure in the src SH3 domain. J. Mol. Biol. 283:293–
300.
Zimmerman, S. S., and H. A. Scheraga. 1977. Local interactions in bends of
proteins. Proc. Natl. Acad. Sci. USA. 74:4126–4129.
1562 Gnanakaran and Garcia
Biophysical Journal 84(3) 1548–1562
